Decadal pulses within the lower-frequency Atlantic multidecadal oscillation (AMO) are a prominent but underappreciated AMO feature, representing decadal variability of the subpolar gyre (e.g., the Great Salinity Anomaly of the 1970s) and wielding notable influence on the hydroclimate of the African and American continents. Here clues are sought into their origin in the spatiotemporal development of the Gulf Stream's (GS) meridional excursions and sectional detachments apparent in the 1954-2012 record of ocean surface and subsurface salinity and temperature observations. The GS excursions are tracked via meridional displacement of the 158C isotherm at 200-m depth-the GS index-whereas the AMO's decadal pulses are targeted through the AMO tendency, which implicitly highlights the shorter time scales of the AMO index. The GS's northward shift is shown to be preceded by the positive phase of the low-frequency North Atlantic Oscillation (LF-NAO) and followed by a positive AMO tendency by 1.25 and 2.5 years, respectively. The temporal phasing is such that the GS's northward shift is nearly concurrent with the AMO's cold decadal phase (cold, fresh subpolar gyre). Ocean-atmosphere processes that can initiate phase reversal of the gyre state are discussed, starting with the reversal of the LF-NAO, leading to a mechanistic hypothesis for decadal fluctuations of the subpolar gyre.
Introduction
The Gulf Stream system, which includes the Gulf Stream (GS) and its northeastward extensions, the North Atlantic and Azores Currents, is an essential component of the climate system as it transports heat and salinity from the tropics into the middle and higher latitudes. The GS system is influenced by subtropical and subpolar gyre variability (Joyce et al. 2000; Chafik et al. 2016) , to which it also contributes. The leading modes of variability in the North Atlantic sector consists of an atmospheric mode with a characteristic meridional dipole structure in sea level pressure, the North Atlantic Oscillation (NAO; Hurrell 1995; Marshall et al. 2001) , and an oceanic mode with a distinctive SST pattern, the Atlantic multidecadal oscillation (AMO; Enfield et al. 2001; Guan and Nigam 2009; Kavvada et al. 2013) . The former represents atmospheric variability on subseasonal-to-decadal time scales (e.g., Marshall et al. 2001; Nigam 2003) while the latter represents low-frequency SST variability, with striking decadal pulses (e.g., the Great Salinity Anomaly of the 1970s; Slonosky et al. 1997 ) embedded in a multidecadal oscillation (Fig. 1 herein; see also Guan and Nigam 2009 ).
The origin of multidecadal variability in North Atlantic SSTs (e.g., the AMO) is being actively debated. The role of oceanic processes, especially heat transports through modulation of the Atlantic meridional overturning circulation (AMOC)-a long-standing mechanism (Delworth et al. 1993; Knight et al. 2005; Latif and Keenlyside 2011; McCarthy et al. 2015 )-was recently challenged by analyses positing a role for the atmosphere via modulation of surface fluxes, specifically aerosol-influenced radiative fluxes (e.g., Booth et al. 2012 ) and stochastic heat flux variations (Clement et al. 2015) . Rejoinders from Zhang et al. (2013 Zhang et al. ( , 2016 , , O'Reilly et al. (2016) , and Drews and Greatbatch (2016) underscore the role of ocean circulation in generating multidecadal variability, suggesting that the AMO's origin is far from settled. While insightful, this debate on the AMO's origin concerns the generation of SST variability on multidecadal time scales and, as such, does not detract from the present study, which targets the AMO's decadal time scale component.
The decadal pulses embedded in the AMO are more than just intriguing: they exert strong influence on the hydroclimate of adjacent continents and on regional extreme weather. The AMO pulses have been linked to multiyear drought and wet episodes over the Great Plains in the twentieth century (including the 1930s ''Dust Bowl'' drought), with a correlation of approximately 20.7 (Fig. 2b in Nigam et al. 2011) ; to decadal fluctuations in Sahel rainfall (Nigam and Ruiz-Barradas 2016) ; and to the decadal variations in Atlantic tropical cyclone counts (Nigam and Guan 2011) . The AMO's decadal pulses are thus fascinating, with respect to both their origin and influence mechanisms.
A key goal of this analysis is to investigate the origin of decadal pulses manifest in the AMO, especially the potential role of the NAO and GS variability in their origin. Subsequent references to the NAO, as such, implicitly refer to its low-frequency component (LF-NAO) whereas those to the AMO refer to its highfrequency component, that is, to the decadal pulses apparent in the less smoothed versions of the AMO index (Fig. 1) . The GS variability, in the form of meridional shifts of its north wall, is intrinsically on decadal time scales (cf. Fig. 1 ). It has been associated with the NAO (Taylor and Stephens 1998; Joyce et al. 2000; Frankignoul et al. 2001; de Coëtlogon et al. 2006; Kavvada 2014) , with the northward shift linked to a colder, stronger subpolar gyre (Zhang 2008; Joyce and Zhang 2010) . The GS's relationship with the AMO's decadal pulses has, however, not been investigated, notwithstanding its link with the subpolar gyre and with the variability of mode waters in the subtropical (Joyce et al. 2000) and subpolar (Chafik et al. 2016) basins.
The low-frequency component of the NAO reflects links with the North Atlantic decadal variability, which originates in the tropical and extratropical basins including the intergyre region and propagates across, and is often viewed as a response to atmospheric forcing and/or ocean dynamics (e.g., Deser and Blackmon 1993; Chang et al. 1997; Tanimoto and Xie 1999; Ruiz-Barradas et al. 2000; Sutton et al. 2000; Marshall et al. 2001; Czaja et al. 2002; Guan and Nigam 2009; Deser et al. 2010; Buckley and Marshall 2016) . Recent observational and modeling studies suggest that low-frequency variability of the NAO (Reintges et al. 2017; Álvarez-García et al. 2008) and, more generally, low-frequency variability in the North Atlantic Buckley and Marshall 2016) arise from the modulation of heat transports by the AMOC . The scope for interaction between the NAO, the GS's meridional excursions, and the AMO is considerable in view of the spatial proximity or even overlap of their key features in the North Atlantic basin, notwithstanding the separation of their canonical time scales. There is growing evidence that the AMO's SST anomalies can influence the NAO (Bjerknes 1964; Czaja and Frankignoul 2002; Rodwell and Folland 2002; Gulev et al. 2013; Peings and Magnusdottir 2016) . Interestingly, the AMO-related winter height pattern resembles the NAO height anomalies (Kavvada et al. 2013) , indicating an interaction pathway.
The fulcrum in the reported analysis is the index describing the latitudinal position of the northern wall of the GS at 200-m depth [as in Joyce et al. (2000) ]. The analyzed datasets are briefly described in section 2. Lead-lag regressions on the GS index reveal the surface and subsurface evolution structure of the GS excursions (section 3), while lead-lag correlations of the GS index with the LF-NAO and the AMO tendency help characterize antecedence and subsequence vis-à-vis the AMO's decadal pulses (section 4). Support for the identified links from the similarity of suitably leadlagged SST and SLP regressions on these indices and a discussion of feedbacks are also presented in section 4. Concluding remarks with a discussion of the fluctuation time scale (i.e., a mechanistic hypothesis for decadal fluctuations of the subpolar gyre) follow in section 5.
Datasets and methods
The Gulf Stream and the two regional modes of climate variability, the NAO and AMO, are referenced through their indices. The GS index, which tracks the position of the Gulf Stream's northern wall, was obtained from an empirical orthogonal function (EOF) analysis of the 158C isotherm location at 200-m depth at selected locations within the 338-438N, 758-508W region. The 158C isotherm, positioned approximately midway in the meridional temperature gradient ribbon to the north of the Gulf Stream's core, is a convenient marker for its northern ''wall'' (Fuglister 1963; Joyce et al. 2000) . The GS index was provided by T. Joyce (2014, personal communication) as a smoothed, standardized, seasonal-resolution index for the 1954-2012 period. The index (Fig. 1 ) exhibits variability on interannual, decadal, and multidecadal time scales. The NAO index is based on the difference of normalized monthly sea level pressure between Lisbon, Portugal, and Stykkisholmur/Reykjavik, Iceland (Hurrell 1995) ; it depicts variability on subseasonal-to-decadal time scales, as noted earlier.
The AMO is generally defined as the linearly detrended, area-averaged SST anomaly in the northern Atlantic basin (08-608N, 758-58W), following Enfield et al. (2001) . The NOAA AMO index (from NOAA's Earth System Research Laboratory), based on this definition, is shown in Fig. 1 ; both unsmoothed and smoothed versions are shown. Most literature references to the AMO are to its smoothed version (41-season running mean, RM41; dashed black line in Fig. 1 , top panel), which highlights the multidecadal time scales-to the extent that this attribute is reflected in the name of this variability mode (Kerr 2000) . This heavy smoothing (RM41), however, suppresses, quite effectively, the robust decadal variability that is evident in the unsmoothed index (red-blue) and in the less heavily smoothed index versions (e.g., solid black line). The prominence of decadal pulses in AMO variability, of which the Great Salinity Anomaly of the 1970s is one example, was first noted by Guan and Nigam (2009) , who identified them from objective analysis of seasonal SST anomalies, focusing on both temporal and spatial recurrence (e.g., extended-EOF analysis). The resulting SST principal component linked with AMO variability (Fig. 1 , top panel, solid red line) captures both its decadal and multidecadal components. The decadal pulses so clearly manifest in NOAA's unsmoothed AMO index and in the AMO SST principal component are the focus of this analysis, which seeks to understand their genesis and development. (Enfield et al. 2001 ) is shown in red-blue and its 41-season running mean (RM41) by a dashed black line; the smoothed version is commonly used to highlight the AMO's multidecadal time scales. A less smoothed version, obtained from LOESS filtering (15% window over 1950-2013) and shown by the thick black line, brings out the decadal pulses present in AMO, e.g., the Great Salinity Anomaly of the 1970s. These pulses are evident in NOAA's unsmoothed AMO index (red-blue) and also prominent in the AMO SST principal component (thick red line), extracted from an extended-EOF analysis of spatiotemporal variability of seasonal SST anomalies ). The Gulf Stream index (lower panel) tracks the meridional excursions of the Gulf Stream in the near-coastal longitudes (758-508W); it is based on the latitudinal location of the 158C isotherm at 200-m depth (Joyce et al. 2000) . The detrended and normalized seasonally resolved GS index is shown with red-blue shading while its LOESS-15 smoothed version is shown by a thick black line during 1954-2012, the period of index availability.
The atmospheric and oceanic fields analyzed in this study come from the UK Met Office's Hadley Centre for Climate Science. The sea level pressure data (HadSLP2; Allan and Ansell 2006) are available at monthly resolution on a 58 3 58 grid from 1850 to the present. Sea surface temperature data (HadISST, version 1.1; Rayner et al. 2003 ) are available at monthly resolution on a 18 3 18 grid from 1870 to the present. Subsurface ocean temperatures and salinity are from the EN.4.2.0 quality controlled objective analyses (Good et al. 2013 ) that were bias-corrected using the climatological World Ocean Atlas 2009 (Levitus et al. 2009 ). Subsurface salinity and temperature, available on a 18 3 18 grid for the period of 1900 to the present, are used to calculate vertically averaged salinity for the 5-315-m layer and vertically integrated heat content for two layers: 5-315 m (upper ocean) and 315-968 m (deep ocean); sea surface salinity (SSS) refers to the salinity at 5-m depth.
A 20-yr mean dynamic topography from AVISO altimetry is used to characterize the mean position of the subpolar and subtropical gyres, and the Gulf Stream from the display of the 20.4-, 0.4-, and 20.1-m topography contours, respectively. This product is distributed by AVISO, with support from CNES (http://www.aviso.altimetry.fr/ duacs/).
The reported analysis uses standard statistical tools such as lead-lag correlation and regression. Linear trend is evaluated using the least squares method. Seasonal data are analyzed and, unless otherwise noted, the indices are linearly detrended and standardized for the common 1954-2012 period, which is set by the availability of the GS index. The indices are smoothed, when noted, using the LOESS filter (Cleveland and Loader 1996) with a 15% span window (LOESS-15; i.e., with the window span being 15% of the 1954-2012 period, or ;9 yr), which suppresses subseasonal-to-interannual variability while retaining the important decadal fluctuations. Statistical significance of the regressions and correlations is assessed by a two-tailed Student's t test at the 5% level using an effective sample size that accounts for serial correlation (Quenouille 1952) ; the significant regressed anomalies are stippled.
LOESS-15 filtering makes decadal variability more prominent in the AMO index but the intrinsic multidecadal components of the index remain overwhelming (Fig. 1 , top panel, solid black line). The AMO's decadal component (manifest in its decadal pulses) is thus ''accessed'' in this analysis through the index tendency, ›(AMO)/›t, which implicitly and conveniently highlights the higher frequencies, albeit with a temporal shift with respect to the AMO index, as shown in Fig. 2 . The sensitivity of our findings to different span window choices in LOESS filtering is noted.
Smoothed indices
The linearly detrended, smoothed (LOESS-15), and normalized GS (black) and NAO (blue) indices are plotted in Fig. 2 . LOESS-15 filtering has little impact on the GS index, which is dominated by decadal variability to begin with, but it is effective in the case of the NAO, yielding what will henceforth be referred to as the LF-NAO index. Also plotted is the tendency of the smoothed AMO index (AMO LOESS-15 , the black line in Fig. 1 ), specifically ›(AMO LOESS-15 )/›t, in red after normalization. The AMO tendency shows robust decadal variability, attesting to the efficacy of the tendency measure in extracting the decadal component from the multidecadal dominant AMO index. One, of course, needs to be cognizant of the quadrature delay between an oscillatory index and its tendency, with the tendency leading by a quarter-cycle; this phase difference will need to be factored in evaluations of temporal leads and lags with respect to the AMO's decadal pulses.
The Gulf Stream System
The section begins with an overview of the bathymetric features in the subpolar basin and the regional atmospheric and oceanic circulations pertinent to the spatiotemporal development of Gulf Stream excursions (Fig. 3) . Notable features include the Newfoundland basin to the southeast of the Grand Banks (GB), bounded on the east by the north-south-oriented Mid-Atlantic Ridge (MAR); and the Charlie-Gibbs Fracture Zone (CGFZ), a MAR interruption generating east-west basin connectivity (with the northern ridge referred to as Reykjanes Ridge). Relevant atmospheric and oceanic circulation features are marked in Fig. 3 and discussed in its caption. The subpolar and subtropical gyres, identified from altimeter-based dynamic topography (plotted in Fig. 3 ), are marked on subsequent plots to provide tracking reference for GS evolution.
A comprehensive thermohaline view of the meridional displacements of the GS on decadal time scales is presented in Fig. 4 , which shows the surface-subsurface regressions of temperature and salinity on the smoothed GS index over a 9-yr period spanning the pre-and postmature phase of GS excursions. The spatiotemporal development of the GS-related upper-ocean (5-315 m) heat content and salinity anomalies (middle columns) is FIG. 3 . Key bathymetric and ocean-atmosphere circulation features in the North Atlantic's subpolar and subtropical basins. Ocean depth (m) is shown using a white (shallow) to blue (deep) color scale: The midbasin bathymetric rise running north-south, the Mid-Atlantic Ridge (MAR), and its interruption, the Charlie-Gibbs Fracture Zone (CGFZ), is marked; the extension of the North American continental shelf southeastward of Newfoundland, the Grand Banks (GB), is also marked. The displayed ocean circulation features include the time-mean absolute dynamic topography from 1993-2015 AVISO altimetry (gray contours every 0.1 m); the mean position of the Gulf Stream (GS; pink thick line) based on sea surface heights following the method by Pérez-Hernández and Joyce (2014) ; and the GS's northward extension and the North Atlantic Current (yellow lines), which feed both the Nordic Seas (via the Norwegian Atlantic Current) and the Labrador Sea (via the Irminger Current) with warm and saline waters. Blue lines track the cold, fresh East Greenland and Labrador Currents that flow southward along continental boundaries/shelves. Depicted atmospheric circulation features include the Icelandic low (1006-hPa black contour around 'L'), the Azores high (1020-hPa black contour around 'H'), and the jet stream (mean axis of the 200-hPa isotachs, shown via a broad white transparent arrow), all from the 1954-2012 annual-mean NCEP-NCAR atmospheric reanalyses (Kalnay et al. 1996) . discussed prior to SST evolution because the GS index is based on subsurface temperatures. Note that in the near-coastal sector (westward of 508W) the GS is strongest and most northward displaced in the upperocean heat content anomalies at t 5 0, consistent with the location-sensitive GS index.
a. Mechanics of the subtropical-subpolar water exchange
The mature phase of the GS's northward displacement (Fig. 4 , middle columns; t 5 0) is accompanied by a cold, fresh subpolar gyre (as in the AMO's cold pulses; e.g., the Great Salinity Anomaly of the 1970s; Slonosky et al. 1997) , with gyre water leaking southward through the Newfoundland basin along the Grand Banks (;488W), that is, well to the west of the Mid-Atlantic Ridge. The leakage of subpolar water is also evident in the t 5 0 deepocean (315-958 m) heat content regressions where it extends farther to the south. The leakage is perhaps stronger in the precursor phase (t 2 2 yr) when it is prominently manifest in upper-ocean salinity but only modestly in SST.
1 This southward leakage apparently cuts off an eastern section of the GS, first evident in the t 2 2 upper-ocean regressions and then in the t 5 0 deepocean heat content. Similar results (not shown) are obtained with the Ishii dataset (Ishii and Kimoto 2009 ).
The GS is not longitudinally stiff during meridional excursions. The nascent phase (t 2 2 yr) regressions of heat content exhibit a pinched-off/pinched section from the intrusion of cold subpolar water (from the gyre's western flank) into the Newfoundland basin along the Grand Banks; the preceding (t 2 4 yr) GS structure is, however, longitudinally coherent. The heat content regressions concurrent (t 5 0) with the northward displaced GS (middle row, last column) reveal a splitting off of the eastern section of the GS (marked by an arrow), and additional leakage of subpolar water through the Mid-Atlantic Ridge interruption between Iceland and the Azores (the Charlie-Gibbs Fracture Zone), which further splits the detached GS section into a northern and southern part (clearly manifest in the t 5 0 deep-ocean heat content; Fig. 4 , middle row, right column). The postmature phase (t 1 2 and t 1 4 yr) consists of the northeastward displacement of the northern split section of the GS by means of the North Atlantic Current, which rises along its southwest-to-northeast trajectory (e.g., see Fig. 2 in Langehaug et al. 2012; Burkholder and Lozier 2011) .
2 The split section, located in the upper ocean after its transit, is in part entrained into the subpolar gyre from the eastern North Atlantic following the mean gyre circulation, leading to a warmer gyre at upper levels; the remaining anomaly continues into the Norwegian and Greenland Seas. The northeastward ascent of the North Atlantic Current apparently shields the deep levels of the subpolar gyre from intrusions of subtropical water as the northern split section of the GS rises during its cross-basin transit with the North Atlantic Current (the carrier current). The shielding of the subpolar gyre is indicated by the modest temporal variations of deep-ocean heat content in the gyre (Fig. 4, last column) . The ascent of this carrier current can, perhaps, also account for the notable absence (presence) of the northern split section in the t 5 0 upper-ocean (deep-ocean) heat content, and its subsequent emergence in both upper-and deep-ocean heat content regressions.
A comparison of the t 2 4 and t 1 4 deep-ocean heatcontent regressions (Fig. 4 , last column) shows striking evolution in GS structure, from an extended, coherent current with northeastward orientation at t 2 4 yr to a retracted, zonally oriented, southward displaced current with a broken-off eastern section at t 1 4 yr, or a decade later. The dynamic heights of the oceanic gyres provide pertinent reference in tracking the movement of the GS anomalies into the subpolar North Atlantic. The heat content regressions in Fig. 4 show that at t # 0, the warm anomaly in the upper-ocean heat content in the nearcoastal sector is positioned to the north of the mean GS position (i.e., subtropical gyre boundary), but the warm anomaly that detaches from the GS is located south of the North Atlantic Current (NAC). After the GS's northern displacement in the western sector (i.e., t . 0), the detached anomaly is found to the north of the NAC along the mean absolute dynamic topography contour of the subpolar gyre. In the deep-ocean heat content regressions, however, the warm detached anomaly propagates along the NAC.
b. Statistical significance
Statistical significance of the regressions is assessed using the method outlined in section 2, with stippling denoting the significant anomalies in Fig. 4 . It is immediately apparent that while the upper-and deep-ocean heat content anomalies are extensively significant (and to a lesser extent, the upper-ocean salinity anomalies), the SST anomalies are not assessed to be such. The lack of statistical significance in surface regressions (e.g., SSTs) was neither unanticipated nor viewed as a setback for the analysis; in fact, it is its motivation. Such an outcome was anticipated because the ocean surface is exposed to myriad influences that can limit the significance of a weak but spatiotemporally coherent signal. The present analysis was designed to circumvent such difficulties by exploiting the spatiotemporal coherence residing in the subsurface fields. Not only are pertinent subsurface fields chosen for regression, they are also used in constructing the GS index, a key North Atlantic index with intrinsic decadal variability.
c. Influence of the low-frequency North Atlantic Oscillation
It is noteworthy that the subpolar gyre is coldest and freshest in the upper layers (and surface) at t 2 2 yr (i.e., prior to the GS's northward displacement). This cold phase in the GS regressions, interestingly, is coincident with the LF-NAO's peak positive phase (cf. Fig. 2 and Figs. 5-8). This NAO phase, as noted earlier, consists of below normal sea level pressure (SLP) around Iceland and above normal SLP around the Azores (e.g., Nigam and Baxter 2015, their Fig. 4c ; see also Fig. 8 herein) , leading to a deeper Icelandic low in winter and thus strengthened westerlies over the subpolar gyre and stronger northwesterlies (northeasterlies) along Greenland's west (east) coast.
3 The NAO influences the surface wind speed, and thus sensible and latent heat fluxes, vertical mixing, and upper-ocean temperature over the subpolar gyre ; Fig. 1 ). Along the coasts, the LF-NAO-related winds modulate coastal upwelling, impacting SST (Fig. 4 , first column, second row). Cold SSTs along Greenland's west coast and warm SSTs off Baffin Island at t 2 2 yr (LF-NAO's peak positive phase) result from coastal upwelling and downwelling, respectively, induced by the LF-NAO northwesterlies, whereas the warm SSTs along Greenland's east coast arise from coastal downwelling generated by the LF-NAO northeasterlies. The coastally confined warm SSTs create the impression of a weakened East Greenland Current. SSTs can also change from ocean circulation and advection associated with the subpolar gyre, the Gulf Stream, and the North Atlantic Current, all of which have been shown to be important in generating decadal time scale variability in the North Atlantic (e.g., Visbeck et al. 2003; ) and for propagation of salinity anomalies (Dickson et al. 1988; Hátún et al. 2005 ).
The coastal upwelling/downwelling origin of the SST anomalies around Greenland finds corroboration in related salinity, especially in the upper ocean where the upwelling regions are fresher and the downwelling ones saltier (e.g., at t 2 2 yr; Fig. 4) , with the exception of the downwelling region east of Greenland where salty anomalies are not evident until t 5 0, and even then only weakly, reflecting salinity suppression from the sea ice melt induced by warm SST anomalies in the Greenland Sea. The spatiotemporal evolution of the warm, salty anomalies in the Baffin Bay and Davis Strait is interesting as there is some indication of southward movement at the surface and subsurface, likely from advection by the Baffin Island and Labrador Currents, the latter of which strengthens during LF-NAO's positive phase (Han et al. 2014) . 4 The southward descent of warm SST anomalies on both sides of Greenland, but especially along the east (from Greenland Sea) into the northern flank of the subpolar gyre, at t 1 2 yr sets the stage for LF-NAO's phase reversal, as argued later in the context of the hypothesis advanced for decadal fluctuations of the subpolar gyre. Note that there is little evidence for southward propagation of salinity anomalies along Greenland's east coast because of the compensation between the effects of downwelling and sea ice melt.
To sum up, lead-lag regressions on the GS index show decadal fluctuations in the GS's meridional location (in the western basin) to be associated with coherent upper-ocean heat content and salinity variations in the subpolar and subtropical gyre regions. The subpolar gyre is cold and fresh during GS's northward shift (as in the AMO's cold pulses) but not Baffin Bay and the Greenland and western Norwegian Seas. The GS's northward displacement is preceded (by 1-2 yr) by the LF-NAO's positive phase, as conclusively shown in the next section. The seed for LF-NAO's phase reversal, as argued more fully in subsequent sections, is sown by the LF-NAO itself through its induced SST anomalies and their interaction with regional currents.
The Gulf Stream's link with the LF-NAO and the AMO
The Gulf Stream's link with LF-NAO variability and the AMO decadal pulses is analyzed in this section. The tripole structure of the GS-related SST anomalies ( That the GS, LF-NAO, and AMO tendency indices are related is visually apparent from their temporal distribution (Fig. 2) : The LF-NAO is seen leading the GS index by 1-2 yr in the swarm of decadal pulses beginning in the 1970s, whereas the AMO tendency is found lagging the LF-NAO by ;4 yr across the record.
The dominant time scales implicit in the unsmoothed and smoothed indices are revealed from the autocorrelation structure of the GS and NAO indices (Fig. 5, top row) . LOESS-15 smoothing evidently has limited impact on the GS index whose autocorrelation structure indicates a dominant time scale of 9-13 yr; the range is estimated from twice the temporal distance between the e 21 and zero crossings of the autocorrelation. Autocorrelation of the NAO index, on the other hand, is very sensitive to smoothing, as anticipated. For characterization of the subpolar-subtropical water exchange, the smoothed NAO index (LF-NAO) with dominant time scales of 8-11 yr is the one of interest. The autocorrelation structure of the AMO tendency reveals its dominant time scales to be 7-9 yr, consistent with estimations of pulse duration in the raw and smoothed AMO indices (Fig. 1, top panel) .
a. Links between indices
A quantitative underpinning to the links between the indices is provided in the bottom panel of Fig. 5 from computation of the cross-correlation at various leads and lags: Considering the entire record, and not just the four decadal pulses, the LF-NAO is found to lead GS variability by ;1.25 yr (5 seasons) and the AMO tendency by 4 yr; not surprisingly, GS leads the AMO (Fig. 2, red curve) is shown in the top-right panel (red dots), which also shows the autocorrelation of the (AMO) LOESS-15 index (dashed red) to draw attention to the shorter time scales of the tendency index. Crosscorrelations of the indices are displayed in the bottom panel, with the convention that if r(A t , B t1t ) . 0 for t . 0 (t , 0), then A leads (lags) B. Also, r(GS, LF-NAO) is shown in blue, r(GS, AMO tendency) in red, and r(LF-NAO, AMO tendency) in black. The lead-lag t-value at which jrj is largest is marked by a vertical line and the related t and cross-correlation values noted: low-frequency NAO variability leads the Gulf Stream's northern excursions by ;1.25 yr and the AMO tendency by ;4 yr, consistent with the ;2.5-yr lead found for Gulf Stream's northern excursions over AMO tendency. The horizontal gray line labeled e 21 in the top panels indicates an autocorrelation value of 0.37 (51/e), which is a commonly used decorrelation threshold. tendency by ;2.5 yr. The cross-correlations at these leads/lags, noted in the legend of Fig. 5 , are all greater than 0.6 and statistically significant; the critical values at the 95% level of significance between the smoothed, detrended indices at these leads/lags are r(GS, LF-NAO) 5 0.49, r(GS, AMO tendency) 5 0.53, and r(LF-NAO, AMO tendency) 5 0.63. The critical value (rc) is obtained using the large-sample normal approximation: rc 5 2/[sqrt (df 2 jmlagj)], with df being the degrees of freedom, and mlag is the lead/lag at which the correlation is maximum. Assuming the AMO decadal pulses to be of 8-yr duration (the central value of the above estimated 7-9-yr time scale), a quadrature cycle would be 2 yr. This would result in the LF-NAO and GS leading the AMO's decadal pulses by 6.0 and 4.5 yr, respectively. The lead-lag relationships are relatively insensitive to the choice of window span in LOESS filtering; for example, with LO-ESS 10% (20%) smoothing, LF-NAO's lead over the GS is 1.0 (1.5) yr. The lead-lag links suggest that LF-NAO's peak positive phase-with low SLP over Iceland and a cold, fresh subpolar gyre-precedes the GS's northward displacement by ;1.25 yr, and that ;4.5 yr after this displacement the subpolar gyre, Greenland Sea, and the eastern basin exhibit warm SST anomalies resembling aspects of the AMO's middle-to-high-latitude SST pattern. This cold-to-warm phase transition of the subpolar gyre is, of course, affected by the subtropical-subpolar water exchange processes characterized in section 3.
The temporal leads and lags are schematically summarized in Fig. 6 where the LF-NAO, the GS's meridional excursions, and the AMO's decadal pulses are represented as cyclical processes using circles (inner blue, middle black, and outer red), with radial lines marking the peak positive phase and the solid-to-dashed change in circumference lines representing phase transitions. LF-NAO's temporal lead over the other two processes (i.e., its orchestrator role) led to it being drawn as the inner circle-the driver of decadal fluctuations of the subpolar gyre.
5 Such a leading role would, of course, warrant elucidation of the mechanisms that generate phase transition in LF-NAO (indicated by points A and C in Fig. 6) ; the elaborate figure caption has more details. A potential mechanism for the phase transition is discussed in section 5 (using Fig. 9 ).
The next subsection seeks corroboration of the abovenoted temporal phase relationships between the three indices in the lead-lagged fields of key ocean-atmosphere interface variables: SST (oceanic) and SLP (atmospheric).
b. Spatiotemporal development of surface anomalies
Structural similarities in the ocean-atmosphere surface anomalies related to the LF-NAO, GS, and the AMO tendency at various leads and lags are highlighted in support of the temporal lead-lag relationships noted above. SST regressions on the three indices, each over a 7-yr period, are shown first (Fig. 7) with time running downward but with columns shifted vertically to reflect the lead-lag between indices; such shifting should facilitate recognition of similar spatial structure across the columns. The center column shows the GS-related SST development in view of the GS's key role in linking antecedent LF-NAO variability (left column) with the subsequent AMO tendency (right column); the GS-related SST development was also shown earlier (Fig. 4, left column) .
The cross-column correspondence in SST regressions (Fig. 7) is notable, reflecting the significant lead-lag correlation (.0.6) among the indices (Fig. 5 , bottom panel): For example, in the row displaying simultaneous SST regressions on the GS index (third from the top), a warm Baffin Bay, cold subpolar gyre, warm Greenland Sea, northward displaced Gulf Stream, and cooler eastern and tropical Atlantic are found in all three panels. The correspondence, however, is not always as extensive; for example, in the following row, the subtropical Atlantic is warm across the basin in only the last column, despite cross-column similarities elsewhere. Some lack of correspondence undoubtedly emerges from the use of a 3-yr lag (and not 2.5 yr, as estimated in Fig. 5, bottom panel) for the AMO tendency vis-à-vis the GS index.
The lead-lag relationships between the important modes of decadal variability in the North Atlantic-the LF-NAO, GS displacements, and the AMO decadal pulses-is buttressed from SLP regressions in Fig. 8 ; select contours of the climatological winter SLP field are superposed in all panels for positional reference. The LF-NAO's SLP regressions are strong in both t 2 1 and t 1 1 yr (not surprisingly, as these periods are closest to the mature phase, t 5 0, which is not shown), with the low off the southern tip of Greenland positioned close to the wintertime Icelandic low; the LF-NAO's low is only ;1 hPa deep. 6 The high SLP feature is centered northward of the Azores high, modestly shifting the climatological surface westerlies northward. The 7-yr evolution displayed in Fig. 8 does not fully cover a LF-NAO episode (of 8-11-yr duration) but it does show, interestingly, that phase reversal is initiated in the Norwegian and Greenland Seas where the low-to-high SLP change in subpolar latitudes is first manifest (e.g., at t 1 3 yr; fourth row). The phase reversal is not fully resolved in the displayed LF-NAO regressions but it is in the GS ones, where it supports the assertion of the phase reversal initiation in the Norwegian Sea.
It is noteworthy that SLP anomalies over the subpolar gyre are not thermodynamically inferable from the underlying SST anomalies (from their influence on boundary layer temperature and hydrostatic balance), as evident from the overlap of cold SST and low SLP anomalies in the gyre region in the (t 1 1) LF-NAO regressions (Figs. 7  and 8 ). The influence, in fact, is often in the other direction, with the SLP anomalies and related surface winds and the wind-impacted surface fluxes influencing SST (e.g., Deser et al. 2010) , leaving unanswered the question on how SLP variations over the subpolar gyre are generated. SLP here can, of course, readily vary from the displacement of the Atlantic storm tracks (and related feedback; i.e., from FIG. 6 . Schematic depiction of the temporal phasing of the key processes generating decadal variability of the subpolar gyre, based on observational analyses reported in the preceding figures: the low-frequency North Atlantic Oscillation (LF-NAO; blue circle), the Gulf Stream's meridional excursions (GS; black circle), and the AMO's decadal pulses (red circle). Time runs counterclockwise, with solid (dashed) arcs denoting the positive, 1ve (negative, 2ve) oscillatory phase, and solid dots marking phase transitions. Radial lines point to the peak 1ve phase of each oscillation, and the angle between these lines indicates the temporal lead/lag between them. The LF-NAO's peak 1ve phase (marked by a deeper Icelandic low) occurs prior (;1.25 yr) to the northward displacement of the Gulf Stream, i.e., LF-NAO leads GS by u 1 [' 2p(1.25/T)] radians. The GS leads the AMO's decadal pulses by ;4.5 yr, i.e., u 2 [' 2p(4.5/T)]; note that GS leads AMO tendency by ;2.5 yr (cf. Fig. 5) , which, in turn, has a quadrature lead (;2 yr) over the AMO's decadal pulses, leading to the 4.5-yr lead. The oscillatory period of the subpolar gyre (T) in this schematic is 10 yr, a central value in the estimated fluctuations time scales (7-13 yr; see text). It is noteworthy that the Gulf Stream's northward displacement is nearly concurrent with the peak cold phase of the subpolar gyre. As the LF-NAO (atmospheric variability) leads both GS and the AMO tendency (subsurface and surface oceanic variabilities), process-level insights on how its own phase reversal is generated from regional ocean-atmosphere interactions at points A and C will help advance understanding and modeling of subpolar gyre variability (see Fig. 9 and related text). dynamical mechanisms), as discussed later in this section (see also Nigam and Chan 2009) .
The row containing simultaneous SLP regressions on the GS index (Fig. 8 , third from the top) exhibits striking cross-column correspondence over the subpolar and subtropical gyre and the Norwegian Sea, as with SST regressions (Fig. 7) . There is considerable cross-column similarity in the other rows as well, supporting the identified phase relationships among LF-NAO, GS displacements, and the AMO decadal pulses.
c. The LF-NAO feedback
The temporal lead-lag relationships (or phase differences) among key processes generating decadal fluctuations of the subpolar gyre (i.e., the AMO's decadal pulses) are summarized in Fig. 6 . The schematic is however silent on the feedback of the LF-NAOinfluenced ocean state on the overlying atmosphere, particularly on LF-NAO's evolution, including its phase change (e.g., point A in Fig. 6 ). Knowledge of this feedback would be essential for advancing understanding of the mechanisms generating gyre oscillations, especially in view of LF-NAO's temporal phase lead over other processes. The feedback on LF-NAO evolution is documented in Fig. 9 , which shows the latitude-height structure of the tropospheric zonal wind and temperature regressions on the LF-NAO index, averaged over the Atlantic sector (608W-08). Consistent with LF-NAO's impact on SST (Fig. 7, left column; e.g., at t 1 3 yr), which consists of warm anomalies on either side of Greenland and along the northern flank of the subpolar gyre, 7 ›T/›y is positive over the subpolar gyre, weakening the overlying westerlies from thermal wind balance. The temperature and wind regressions in Fig. 9 (e.g., at t 1 3 yr) indeed capture the development of positive ›T/›y and easterly wind anomalies over the gyre, with the development extending well into the upper troposphere. The resulting southward shift of the tropospheric jet (and storm tracks) is only a reflection of the LF-NAO phase transition (e.g., Peings and Magnusdottir 2016) ; feedback from storm track diabatic heating and transients on regional SLP (Hoskins and Valdes 1990) will contribute further to the buildup of the negative phase of the LF-NAO.
The mechanisms by which warm SSTs in the seas around Greenland warm the overlying atmosphere were briefly examined, principally through computation of the lead-lag regressions of the surface heat flux on the LF-NAO index. Although not shown, the flux regressions at t 1 3 (and later) years were upward, supporting the warming of the regional lower troposphere at the expense of the underlying ocean surface temperatures, consistent with the surface-focused vertical structure of temperature regressions in Fig. 9 (bottom panels). This is also broadly consistent with the findings of observational studies on how the influence of the midlatitude and subpolar Atlantic SST anomalies is conveyed aloft [e.g., Czaja and Frankignoul 2002; Czaja and Blunt 2011; see especially Gastineau and Frankignoul (2015) , who show how the AMO-related SST anomalies modify the strength of the atmospheric circulation through shifts of the baroclinic zone].
Mechanistic hypothesis and concluding remarks
Decadal pulses are an integral and influential feature of the Atlantic multidecadal oscillation (AMO), whose common references focus on its multidecadal component, a 60-70-yr oscillation in the North Atlantic basinaveraged SST. The decadal pulses are seldom recognized or studied because the basin-averaged SST anomaly (the AMO index) is customarily displayed after heavy smoothing that filters the pulses; an example is NOAA's widely referenced AMO Index (RM41; Fig. 1, dashed black line) . The pulses are however evident in both raw (i.e., unsmoothed) and less smoothed index versions (Fig. 1 , red-blue shading and black line, respectively) and also prominent in the AMO-related SST principal component (Fig. 1 , solid red line; no smoothing applied) that was objectively extracted on the basis of spatial and temporal recurrence of seasonal SST anomalies . A series of decadal pulses (2 to 3, typically) populate each multidecadal phase of the AMO, indicating robustness of the constituent decadal variability.
The origin of the AMO's decadal pulses, which represent decadal variability of the subpolar gyre, is sought in the spatiotemporal evolution of the modes of variability having footprints in the extratropical basin-one atmospheric (NAO; especially, its low-frequency component, LF-NAO) and one oceanic (the Gulf Stream's meridional excursions, captured by the subsurface temperature-based GS index). The AMO's decadal pulses were ''accessed'' in this analysis not by filtering the AMO index but through its tendency, ›(AMO)/›t. The tendency measure was effective in extracting the shorter time scales but, as expected, temporally shifted (quarter-cycle lead) with respect to the decadal pulses themselves.
Lead-lag regressions of the observed surface/subsurface temperature and salinity (EN4.2.0 ocean analysis) on the LF-NAO and GS index reveal the mechanics of the subtropical-subpolar water exchange. The exchange is initiated and orchestrated by the LF-NAO whose geographic reach is extensive-from subpolar to subtropical latitudes, and across continents and oceans in longitudeleading to coordinated (but, often, unrelated) changes in the seas around Greenland (Baffin Bay, Davis Strait, Labrador Sea, Irminger Sea, and the Greenland and Norwegian Seas) and, of course, in the subpolar and subtropical gyres. The northern changes can be broadly characterized as being more surface-driven (sensible and latent heat flux, coastal upwelling, Ekman transports, and sea ice melt; e.g., Deser et al. 2010 ) whereas the southern ones are more influenced by ocean bathymetry (e.g., leakage of subpolar water through the Newfoundland basin and the Charlie-Gibbs Fracture Zone, and subsequent detachment of the Gulf Stream's eastern section) and ocean circulation, especially the meridional excursions of the GS and the cross-basin transit of the GS's detached eastern section via the North Atlantic Current.
The temporal lead-lag relationships (or phase differences) among key processes generating decadal fluctuations of the subpolar gyre (i.e., the AMO's decadal pulses) are summarized in Fig. 6 . The feedback of the LF-NAO-influenced oceanic state on the atmosphere overlying the northern basin is documented through tropospheric temperature and zonal wind regressions in Fig. 9 . The feedback, affected by the heating of the lower troposphere by the underlying SSTs (as confirmed by examination of the sign of related surface heat flux regressions) and the thermal wind-related zonal jet displacement, is important for the phase transition of the LF-NAO (i.e., for its transit through point A in Fig. 6 ). Estimating the feedback time scale along with the crossbasin transit time of the GS's detached eastern section should advance understanding of the subpolar gyre oscillations mechanisms, especially in view of the LF-NAO's temporal lead over other processes.
a. Mechanistic hypothesis
An emergent view from this observational analysis of the upper-ocean thermal and salinity fields, especially from the temporally phased structures linked with key variabilities in the North Atlantic-the low-frequency NAO and the Gulf Stream's meridional excursions in the western basin-is that decadal fluctuations of the subpolar gyre (representing the AMO's decadal pulses) can be generated from a phased process sequence as shown below.
d Begin with the positive phase of the LF-NAO, with below (above) normal SLP to the north (south). While the northern lobe is collocated with the Icelandic low, the southern one is positioned northward of the Azores high (cf. Fig. 8 ). Ekman transports induced by the LF-NAO winds will perturb both gyres, moving the gyre boundary (or Gulf Stream) northward.
d A perturbed (stronger) subpolar gyre concurrently leads to the detachment of the GS's eastern section from the southward intrusion of subpolar water through the Newfoundland basin ( Fig. 4 ; red arrows); the detached section moves northeastward along the southeastern flank of the subpolar gyre.
d The gyre fluctuation time scale is determined, in part, by the time taken by the GS's detached eastern section to transit from the western basin (;408N, ;508W) to the eastern flank of the subpolar gyre (;508N, ;308W). The transit time is ;5 yr [see Fig. 4 , third column; from (t 2 2)/(t 5 0) to (t 1 4) yr], leading to a gyre oscillation period of ;10 yr, in accord with the dominant time scale of the AMO tendency (7-9 yr) and GS excursions (9-13 yr).
d The seed for LF-NAO phase reversal is sown, in large part, by the LF-NAO itself, through its impact on the SSTs around Greenland and their influence on tropospheric temperatures and thermal wind. This selffeedback of the LF-NAO, consequential given its temporal lead over other pertinent processes, also contributes in setting the gyre oscillation time scale.
b. Detachment of the Gulf Stream's eastern section
An interesting finding reported in this paper is the detachment of the Gulf Stream's eastern section on decadal time scales. The detachment apparently results from the intrusion (or leakage) of subpolar (cold, fresh) water into the Newfoundland basin along the Grand Banks, continuing into the Gulf Stream region and the subtropics. The intrusion is crucial for the pinching off of salinity and heat content anomalies (i.e., detachment) that continue into the northeast Atlantic region. The detachment of the Gulf Stream's eastern section has not been noted before, at least, in the context of basin-scale ocean circulation and its decadal variability. Interestingly, Bower et al. (2013) show eddies with subpolar characteristics to penetrate deeply into the subtropics in exactly the same region where the intrusion of subpolar waters occurs in this analysis. 8 The intrusion is located where the continental slope is steep, which induces instabilities of the boundary current, promoting generation of eddies.
Our analysis indicates that decadal fluctuations of the subpolar gyre (i.e., the AMO decadal pulses) involving notable salinity and heat anomalies result from a complex process sequence involving surface flux forcing, coastal upwelling, Ekman transports, ocean circulation, and the no less important bathymetric influences-and not merely from stochastic atmospheric forcing of a slab ocean (Clement et al. 2015) .
Can the AMO's multidecadal time scales be generated from the rectification of the decadal variability fluxes? This intriguing question, along the lines of synoptic eddy feedback on supersynoptic and subseasonal atmospheric variability, will be the focus of a subsequent investigation.
